| INTRODUCTION
The paradigm of the "atopic march" describes the development of asthma as part of an early-life progression through the spectrum of allergic diseases: atopic dermatitis or food allergy; allergic rhinitis; and atopic asthma. 1, 2 Allergic rhinitis has indeed been identified as a risk factor for onset of asthma, 3 recurrent childhood cough and wheezing, 4, 5 persistence of asthma, 6 and severity of asthma. 7 It is postulated that the association between rhinitis and asthma is attributable to the progressive allergen sensitization and clinical expression of respiratory inflammation during childhood. 1, 8, 9 However, aeroallergen exposure in sensitized individuals is insufficient to induce development of asthma, which likely requires a localized epithelial or systemic immune response to drive the airway changes characteristic of asthma. 10, 11 Indeed, additional non-allergic triggers of respiratory inflammation such as smoke exposure and infectious illness confer additional risk for the development of asthma. 12 Notably, viral infection, particularly in the form of wheezing lower respiratory illness in early life, is a risk factor for asthma identified in large longitudinal cohorts. [13] [14] [15] [16] [17] Studies show that asthma development is further associated with viral lower respiratory infection with antecedent or concurrent aeroallergen sensitivity. 14, 18 Non-allergic rhinitis is characterized by nasal inflammation due to non-IgE-mediated triggers, including infection, noxious odours, climate variation, medication, and hormones. 19, 20 In paediatric cohorts, the burden of non-allergic rhinitis is estimated at between 4% and 12%. [21] [22] [23] [24] Non-allergic rhinitis has been associated with concurrent asthma in a paediatric cohort. 25 Similarly, in cross-sectional studies of adolescents or adults, non-allergic rhinitis has been associated with asthma diagnosis 26, 27 or markers of airway inflammation. 28 However, the relationship between non-allergic rhinitis in childhood and incident asthma has not been evaluated longitudinally. We therefore sought to determine whether rhinitis in early life was associated with risk of asthma development into adulthood, and whether this risk was independent of allergic sensitization. We hypothesized that rhinitis at age 6 would be associated with subsequent asthma development among both non-atopic and atopic individuals.
| ME TH ODS
Participants were identified from the Tucson Children's Respiratory Study (TCRS), a non-selected birth cohort enrolled from 1980 to 1984. 29 The enrolment process and study design have been presented previously, including the active physician assessment of lower respiratory illness to age 3. 30 Participants of TCRS underwent the first in-depth study visit at age 6. At this visit, questionnaires about the respiratory health of the child were completed by the child's caregiver which included reports of sinusitis, eczema, and upper respiratory infection (URI) frequency. Body mass index was determined at each age from questionnaire-determined height and weight. Blood was collected for subsequent measurement of total serum IgE and eosinophil counts. IgE was measured by Phaedebas radioimmunosorbent test using commercially available kits (Pharmacia Diagnostics, Piscataway, NJ, USA) as previously reported. 31 Percentage of eosinophils was determined by a differential of 300 white blood cells on peripheral blood. 32 Lung function testing was performed at age 6 by measurement of maximal forced expiratory flow at functional residual capacity (V max FRC) as in previously published methods. 33 Bronchial hyperreactivity was assessed using cold air challenge at age 6, defined as a drop greater than 41.1%, the 90th percentile for decline for reference children as previously described. 15, 34 Allergy skin prick testing was performed using a panel of extracts from house dust mix skin test wherein the sum of the longest diameter plus the diameter of the orthogonal was at least 3 mm was considered positive. 35 Atopy was defined as one or more positive skin test.
Rhinitis was determined 5 by an affirmative response at age 6 to the question "Has this child ever had hayfever or any other condition that makes his/her nose stuffy, itchy or runny apart from colds?"
Rhinitis was classified as active or inactive based on a response to the question "How old was this child when you last noticed this condition?" Rhinitis was classified as "active" if the condition was still present at the time of the interview, or if symptoms of rhinitis were reported for the previous year.
Physician-diagnosed active asthma at age 6 (6.1 years [SD, 0.7 years]) was determined by an affirmative response to the question "Has your child ever had asthma?" and age was recorded for the question "How old was the child when the doctor first said he/ she had asthma?" Whether the asthma and wheezing was active was determined by the questions "During the past year, how often has this child had wheezing or whistling?" or "During the past year, how many asthma attacks or episodes did this child have?" with any wheeze or asthma attacks in the past year qualifying as "active." The same questions were used in questionnaires completed by the caregiver through age 16 and by the participant starting at age 18. The history of transient wheeze was defined by wheezing assessed by a physician, during a lower respiratory illness, by 3 years of age but not at the age of six. 33 Early-onset asthma was defined as first diagnosis of active asthma after age 6 but before age 18. Within this group, early-onset remitting asthma had last diagnosis before age 18 and early persistent asthma had at least one diagnosis of active asthma at or after age 18. Late-onset asthma was defined as first diagnosis of active asthma at or after age 18.
History of eczema at age 6 was determined by response to the question "Has this child ever had eczema (allergic skin reaction)?"
History of sinusitis at age 6 was determined by response to the question "Has this child ever had sinus trouble, diagnosed by a doctor?" Frequency of upper respiratory illness was determined by response to the question "On average, how many head colds (common colds) does this child usually have per year?" Participants of TCRS were followed prospectively through age 36 Approximately 79% of the subjects answered five or more of the 10 follow-up questionnaires, and 50% answered eight or more questionnaires.
Children were categorized into four groups based on whether they had rhinitis and/or atopy at age 6. This study is limited to participants with no active asthma and no active wheeze at age 6.
Demographic variables for those included or not included were compared using chi-square or ANOVA. Risk estimates for the association of non-atopic rhinitis and asthma were obtained with Cox proportional hazards model. A positive asthma diagnosis event was defined as the first age with active physician-diagnosed asthma, and a negative event was defined as the last available questionnaire data point without diagnosis of asthma. Covariates included in the Cox models were survey age, gender, ethnicity, maternal asthma, maternal education, maternal smoking at enrolment, and history of 4+ colds per year at age 6. These covariates were included in the analysis because they were previously shown to be associated with altered risk for asthma. We also included history of 4+ colds per year in the model as it is often a cause of rhinitis. Interactions were assessed between the main predictor and all relevant covariates. In order to assess the role of total serum IgE on the relation between rhinitis and asthma, we additionally adjusted the Cox models by log base 10-transformed total serum IgE at age 6. Risk estimates that adjusted for time-dependent active smoking and body mass index were estimated with generalized estimating equations. P-values less than 0.05 were considered significant. 
| RESULTS
We identified 521 participants who had (a) no active asthma or active wheezing during the past year at age 6, (b) skin test results, and (c) any questionnaire response about asthma from ages 8 to 32
( Figure S1 ). Included participants were more likely to be female, have older parents with more years of education and to be non-Hispanic
White, compared to participants excluded for lack of complete data (Table S1 ). Parental history of asthma and smoking were similar for those with complete and incomplete data. We also compared characteristics of individuals included to those excluded for lack of skin prick testing (n = 241) (Table S1 ). Participants with skin prick testing were more likely to be female, non-Hispanic White, and to have less parental history of asthma compared with those excluded for lack of skin prick testing (Table S2 ).
The demographic and clinical characteristics differ among the four groups of children defined by atopy and rhinitis status (Table 1) and in a manner consistent with expectations for children with atopy. Active rhinitis was noted in 198 (38.0%) participants at age 6, whereas atopy was identified in 173 (33.2%) of participants at that same age. Children in the atopic groups had higher total serum IgE, blood eosinophils, and were more likely to have a diagnosis of eczema, than those in the non-atopic groups. Children with any active rhinitis were more likely to have had a physician diagnosis of sinusitis and recurrent URI, compared to those without rhinitis, and proportions with these conditions were similar for the atopic and non-atopic rhinitis groups. The total serum IgE in the non-atopic rhinitis group was not different than that of the non-atopic, no rhinitis group. History of transient wheezing due to lower respiratory illness before age 3 33 and lung function, measured as V max FRC, were not significantly different among the groups. The non-atopic rhinitis group were less likely to report itchy eyes (40%) compared to the atopic rhinitis group (55%), P = 0.039. However, similar proportions of the non-atopic and atopic rhinitis groups reported using medication for nasal symptoms three or more times during the past year (35% compared to 36%, respectively, P = 0.9)
Among non-atopic children, those with rhinitis were significantly more likely to develop and have asthma through age 32 compared to those with no rhinitis (Hazard Ratio [HR] 2.1, 95% CI: 1.2, 3.4, P = 0.005), in models that include survey age, sex, ethnicity, maternal asthma, maternal education and smoking, and average number of colds per year at age 6 (Tables 2 and S3 ). Among the atopic participants, both the active rhinitis (HR 3.7, 95% CI: 2.2, 6.1, P < 0.001) and no rhinitis groups (HR 1.8, 95% CI: 1.0, 3.2, P = 0.035) had increased risk of asthma through age 32 when compared with the non-atopic, no rhinitis group. These relations were independent of the frequency of colds, transient wheeze during lower respiratory illnesses, and eczema at age 6 ( Table 2 ). The relation between nonatopic rhinitis and asthma was independent of total serum IgE levels at age 6 when added to the fully adjusted model (HR 1.9, 95% CI: Table 2 ). No interaction was seen between any rhinitis group and sex, ethnicity, maternal asthma, smoking, or history of 4+ URIs (data not shown).
The Cox hazard analysis for the development of asthma after age 6, by atopy and rhinitis group, is presented in Figure 1 . This model is adjusted for confounders including gender, ethnicity, maternal asthma, maternal education, parental smoking, and history of 4+
URIs per year at age 6. Statistics for all covariates in this model are presented in Table S3 . To assess for the potential for confounding of rhinitis and asthma risk by body mass index and smoking, we performed a longitudinal generalized estimating equation adjusting for time-dependent body mass index and current smoking at the time of each asthma assessment. We found that addition of these confounding variables to the unadjusted and fully adjusted longitudinal model
T A B L E 1 Demographic and clinical characteristics at age 6, by atopy and rhinitis status among non-asthmatic, non-wheezing participants at age 6
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did not reduce the risk associated with rhinitis for development of asthma (data not shown).
We then compared the likelihood of developing atopy, identified by subsequent skin testing through age 26, for the non-atopic no rhinitis and the non-atopic active rhinitis groups. We found no significant difference in the prevalence of subsequent positive skin test tests at age 11, 16, 22, or 26 between these two groups (Table 3 ).
Finally, we described the proportion of participants in each rhinitis and atopy group with early-onset and late-onset asthma (Figure 2) . Of the participants who developed asthma (n = 117), early- 
| DISCUSSION
Using a non-selected longitudinal birth cohort, we examined the relationship between childhood rhinitis and subsequent development of asthma. As expected from individuals with the "atopic march," we found that atopic non-asthmatic children at age 6 were at risk for developing subsequent asthma, with or without of the presence of rhinitis. However, among non-asthmatic children at age 6, active non-atopic rhinitis was also associated with a significantly increased risk for diagnosis of asthma through age 32. This was true even after adjustment for known covariates such as sex, ethnicity, parental factors, smoke exposure, and colds. Further, the relationship between non-atopic rhinitis and asthma was independent of serum IgE.
The relationship between non-allergic rhinitis and asthma has been previously described but has not been assessed from childhood into adulthood. One cross-sectional population-based study in young adults 37 showed that the risk of asthma among patients with rhinitis was not entirely dependent on atopy. Another cross-sectional study of young adults identified increased risk of asthma in patients with perennial, non-allergic rhinitis. 38 A longitudinal study of adults followed for 8.8 years showed that non-allergic rhinitis conferred risk for the development of asthma during that time period. 39 Given the unique nature of our longitudinal birth cohort, this is the first report, to our knowledge, of early childhood non-atopic rhinitis conferring risk of asthma into adulthood.
Rhinitis is a heterogeneous disorder, and clinical features of rhinitis, including age of onset, relate to characteristics of asthma. For example, in the Isle of Wight cohort, a cluster analysis of early life T A B L E 2 Estimated risk for the development of physician-diagnosed asthma ages 8-32 (includes data from 10 surveys) in non-asthmatic non-wheezing participants at age 6 Unadjusted model limited to those with complete data for the fully adjusted model and total serum IgE at age 6, n = 344.
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F I G U R E 1 Cox hazards for asthma by rhinitis and atopic group status CARR ET AL.
| 39 factors revealed a relationship of early-onset rhinitis (around age 6) with asthma that was moderately severe, early onset, and atopic. 40 Interestingly, in our cohort, active rhinitis at age 6 was indeed related to subsequent development of early onset, persistent asthma, in both atopic and non-atopic rhinitis groups. While methodological differences in these papers preclude direct comparisons of the findings, a strong relationship between early rhinitis and asthma development, persistence, and severity emphasizes the potential importance of progressive expression of respiratory tract inflammation in the development of some phenotypes of persistent asthma.
Approximately half of our subjects with active rhinitis at age 6
were non-atopic, consistent with previous reports in children at age 5 41, 42 and at age 4. 42 In older children and adults, non-allergic rhinitis, defined as clinical presence of rhinitis without evidence of specific IgE antibodies against relevant antigens, has been attributed to environmental stimuli, such as in vasomotor rhinitis, cigarette smoke exposure, decongestant medication use, chronic rhinosinusitis, hormonal changes, viral illness, and anatomic abnormalities. 19, 20, 43 In this young paediatric population, however, chronic intranasal decongestant medication use and significant hormonal changes are likely to be rare. Cigarette smoke exposure at age 6 was identified in this population, but its presence did not show a relation with rhinitis, nor did it significantly interact with our outcome of asthma development.
Entopy, a phenomenon of local allergen-specific IgE production, has also been proposed to cause non-allergic rhinitis but was not assessed in this cohort. 44 However, viral rhinitis, vasomotor rhinitis, and chronic rhinosinusitis are the most likely causes of the rhinitis observed in our cohort at age 6. When comparing clinical characteristics among the four groups, those with rhinitis had higher rates of reported sinusitis and frequent URI compared with the no rhinitis groups. While cross-sectional imaging and culture were not available to clarify the extent of each, both disorders could potentially confer significant non-atopic upper airway inflammation. 45 The goal of this work was to assess the development of asthma subsequent to the rhinitis determination at age 6. Therefore, to minimize the likelihood that these children had pre-existing asthma, this analysis excluded participants with a history of asthma or wheeze during the past year at age 6 and therefore, persistent and late wheezers 33 were excluded from this analysis. Measured lung function among the four rhinitis/atopy groups at age 6 was similar. Also, the early transient wheeze phenotype, described as wheeze during one or more lower respiratory illness during the first years of life but not past age 3, 33 was not more frequent in children with non-atopic rhinitis than in those who had neither rhinitis nor atopy. 15, 46 Taken together, these data suggest that the longitudinal association between non-atopic rhinitis by age 6 and subsequent asthma cannot be explained by abnormal early childhood lung function or subclinical asthma-like symptoms.
Establishing a definition of non-atopic rhinitis is challenging because of the potentially limitless number of antigens to which an individual may become exposed and sensitized. However, skin prick testing for many dozens of aeroallergens is not generally appropriate in an epidemiological research setting, particularly with paediatric participants. The use of a representative panel of locally relevant aeroallergens to determine atopy has been successfully utilized to differentiate allergic from non-allergic disease. 21 Further, using a limited allergen panel is an established method to define atopy in multiple longitudinal cohorts. 25, 29, 39 The panel utilized in the TCRS cohort A plausible connection between non-atopic rhinitis and subsequent asthma could be a common susceptibility to respiratory viral infection as has been reported for asthma. 52 The most frequent cause of acute rhinitis is rhinovirus infection, 53 and most asthma exacerbations in children and adults also have been found to be associated with rhinovirus infection. 54 Strong evidence has accumulated suggesting that asthma patients have diminished interferon type I and type III responses to rhinoviruses, 55, 56 and these alterations may be in part explained by genetic variants in innate immune genes such as CDHR3, which plays a critical role in responses to rhinovirus type C. 57 Further, evidence supports a strong interaction between rhinovirus infection and the host's pre-existing immune milieu. 58 For example, rhinovirus is expected to induce type 1 inflammation, characterized by interferons and growth factors, upon host infection. RSV can also induce a type 2 cytokine signature from epithelial cells, and innate lymphoid cells, which is pronounced in those with asthma 59 and is thought to be related to the presence of IgE. 60 Whether young children with non-atopic rhinitis may also have alterations of immune responses to viruses is currently unknown, but it is tempting to speculate that in some children, such alterations could first be expressed as upper airway symptoms and subsequently as asthma.
The strengths of our study include the use of a large, well-characterized birth cohort that has longitudinal data on health outcomes and characteristics, particularly regarding asthma and atopic disease, from birth through approximately age 32. This study does have limitations, however. Some cohort participants were excluded from this analysis due to lack of data regarding the primary outcome (asthma) or lack of skin prick testing. The tables comparing characteristics of the missing and included individuals are presented in Figure S1 .
One additional weakness is the challenge defining the absence of atopy, thereby proving a negative. It is not clear whether extending the aeroallergen testing panel at age 6 would have significantly changed the outcome of the groups as defined. Our analyses of risk of developing atopy subsequent to age 6 showed a similar rate of development of atopy over time, to larger panels, between the nonatopic groups which do not account for the asthma risk. Finally, temporally related factors that develop and compound over two decades of life such as smoke exposure and obesity, which may contribute to asthma risk and diagnosis, are not accounted for in these analyses but should be examined in future studies able to clarify these and other risk factors for asthma phenotypes.
In summary, our findings suggest that the connection between early life rhinitis and subsequent asthma is not fully explained by atopy, and that the presence of rhinitis confers significant risk for asthma independent of atopy. This novel pathway to the development of asthma warrants further study.
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CLINICAL IMPLICATIONS
Childhood rhinitis, in the absence of atopy, confers significant risk for asthma development through adulthood. These findings underscore the importance of non-allergic respiratory inflammation in the development of asthma.
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